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The Water Framework Directive set for European Union countries the objective of
restoring the ecological and/or sediment continuity of rivers, as the latter is
relevant for providing suitable habitats for the former. Indeed, abiotic fluxes
and variables shape riverine ecological habitats and are likely to be modified by
barriers such as dams. Two dams were removed from the Selune River
(northwestern France) from spring 2017 to summer 2022. The objective of this
study was to describe and quantify how the dams modified abiotic parameters and
fluxes, as well as the dynamics of these fluxes during dam removal. We monitored
coarse and fine sediments, water temperature and nutrient concentrations in the
Selune River from upstream to downstream of the dams from 2015 to 2023. The
results showed that coarse sediments of the riverbed are a legacy and that current
hydrodynamic conditions are not sufficient to move them much, with or without
the dams. In addition, it appears that at this early stage after the removal some
downstream parameters, especially nutrient concentrations and water
temperature, have already converged towards upstream signals, while fine
sediment stored in the dam’'s reservoirs are still destocking. Restoring
ecological continuity of the Selune River will involve dynamics of abiotic
parameters over longer time scales, in response to removal of the dams, and
over larger spatial scales, in response to climate and other global changes.

KEYWORDS

sediments, biogeochemistry, water temperature, nutrients, river restoration

1 Introduction

Many environmental policies, such as the Water Framework Directive set for European
Union (EU) countries the objective of restoring river ecological and sediment continuity.
Dams, especially large ones, alter the geomorphology of rivers by deposition of bed and
suspended sediments upstream from them which causes a sediment deficit that commonly
leads to incision and development of a river bed sediment coarsening (pavement)
downstream from them (Kondolf, 1997; Brandt, 2000; Rollet et al, 2014). However,
predicting effects of dam removal on geomorphology remain difficult because i) these
effects depend on local configurations (Foley et al., 2017a), ii) few references are available
(Bellmore et al., 2017) and iii) time scales of response are uncertain but likely to be on the
order of decades (Pizzuto, 2002; Graf, 2005). The recovery trajectories are known to be
dynamic and likely to lead to ecological conditions similar or different to the ones before
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impoundment (Bellmore et al, 2019). A meta-analysis on dam
removal studies over the United States that include pre-removal
and post-removal data emphasized the large influence of landscape
features on the biophysical response to dam removal and
highlighted the limitation of our understanding due to a limited
range of landscapes in the existing studies (Foley et al., 2017b).

Based on data from dam removals in the United States
(United States), Foley et al. (2017a) concluded that physical
variables generally changed rapidly after the removal of large
dams, and that physical connectivity quickly became -effective
again. In the Elwha River (United States), dam removal was
managed to use the river to naturally erode and transport
sediments (Warrick et al., 2012). After 2 years of monitoring this
emblematic removal operation, Warrick et al. (2015) estimated that
90% of the sediments initially stored in the former reservoir had
been flushed to coastal waters, some of which had been deposited in
the river’s mouth. They also observed that the deposition was
dominated by coarse and sandy sediments, but also contained
large amounts of fine sediments. Additional monitoring for the
next 3 years showed that the first 2 years contained most of the
sediment and geomorphic signal (Ritchie et al., 2018). Dam removal
is expected to reverse the disturbances the dam created by eroding
sediments stored in the upstream reservoir and transporting and
depositing them in downstream reaches (Brandt, 2000; Doyle et al.,
2005). Fine sediments are expected to respond more rapidly than
coarse sediments (Doyle et al., 2005). Dams influence river water
temperature greatly (Poirel, 2010; Olden and Naiman, 2010).
Depending on how reservoir water is released, downstream water
can be either cooled (release of deep layers of stratified water) or
warmed (release of the surface layer). Reservoirs also tend to smooth
out daily and/or annual temperature variations (Ward, 1985). These
disturbances of the thermal signal are observed directly downstream
of a reservoir and can persist for several tens of km depending on
factors such as the structure of the dam or riparian vegetation cover
(ZaidelCaissie, 2006; 2021).

Other abiotic parameters are also likely to respond strongly to
dam removal (Bednarek, 2001; Doyle et al., 2005), such as nutrients
that are retained by dams, including nitrogen (N) (mainly due to
denitrification) (Stanley and Doyle, 2002; von Schiller et al,, 2016) and
phosphorus (P) (usually trapped in reservoirs) (Doyle et al., 2003;
Fovet et al, 2020). Geomorphologic changes can modify these
retentions by modifying particle deposition (and thus P retention),
the extent of the water-sediment interface, the size of particles and the
potential to denitrify N (Stanley and Doyle, 2002; Doyle et al., 2003).
For instance, 14 days after dam removal in the Chishui River (China),
Lei et al. (2023) observed an increase in P concentration and a
decrease in N concentration, suggesting higher N retention soon
after the removal, when active erosion was observed. Doyle et al.
(2003) concluded that removing small dams from the Koshkonong
River (United States) decreased P retention in the reach that contained
the former reservoir, but did not stop it completely, and increased the
P concentration downstream. Bohrerova et al. (2016) measured
concentrations in the reach of the Olentangy River (United States)
upstream of the Fifth Avenue Dam before and after it was removed,
and highlighted higher in nitrate concentrations and lower phosphate
concentrations when the impounded portion was restored as running
water. Velinsky et al. (2006) observed no significant effects of a small
dam on Manatawny Creek (United States) or its removal on the

Frontiers in Environmental Science

10.3389/fenvs.2023.1231721

concentrations and forms of carbon (C), N or P; they concluded that
the residence times were too short and the thermal stratification too
weak to influence nutrient cycling. Abbott et al. (2022) monitored
dissolved oxygen concentration continuously for 3 weeks in summer
at 15 river sites in the United States before and after removal of their
small dams; they found that the reservoir’s oxygen signal returned to
the upstream reference at 80% of sites within 1 year of the removal.
Riggsbee et al. (2012) used experiments to quantify nutrient fluxes
before and after removal of a dam on the Little River (United States)
and identified that vegetation had a significant influence on N and P
leaching during the first growing season after removal and that it likely
would have a larger influence in the long term.

These studies of effects of dam removal on abiotic parameters
are less common than those of effects on biotic parameters
(Pizzuto, 2002; Bellemore et al, 2017), limited in space
(reservoir and downstream), or limited to a few abiotic
parameters, especially sediment dynamics (Warrick et al,
2012; Foley et al., 2017a; Basilico et al.,, 2021). The present
study’s objective was thus to measure the response of a variety
of abiotic parameters, including coarse and fine sediments,
temperature and nutrient concentrations, to the removal of
two consecutive dams on the Selune River, a lowland low-
energy river in northwestern France. This study provided 1)
reference data on effects of dam removal, 2) evidence to help
interpret and understand the processes involved in ecological
restoration of the Selune River after dam removal and 3) a
complete monitoring program that helped understand abiotic
parameters, especially sediment dynamics.

2 Materials and methods
2.1 Study site

The Selune River flows for 91 km into the Bay of Mont Saint-
Michel (Figure 1). It drains a watershed area of 1,083 km? and once
had two hydroelectric dams: Vezins and Roche-Qui-Boit (RQB)
(36 and 16 m high, respectively) (Table 1). The watershed’s climate
is oceanic, with a low temperature amplitude and rainfall distributed
throughout the year. The annual mean (+ standard deviation)
rainfall is 794 (+209) mm (2015-2022). Rainfall is highest in
December (111 + 68 mm) and lowest in July (39 + 29 mm).
Rainfall and
fluctuations: a period of high flow in winter and low flow in
summer. Mean monthly discharge at Ducey (39°38'22.4545"E,
12°13'9.7918"S, WGS84) is equal to 10.9m>s’ in average and
varies between 4 m®s™ in September and 21.1 m*s™ in February.

The watershed’s Armorican bedrock consists of Brioverian

evapotranspiration variations cause seasonal

sedimentary formations in the center (schists and sandstones)

surrounded by granitic north and south

(Cadomian). Due to the low permeability of this substrate,

layers to the

groundwater bodies are particularly shallow, which results in
hydromorphic soils in bottomlands. The hillsides have well-
drained Cambisols. Most slopes are moderate and less than 3%,
but can reach 13% in the river gorge and in the valleys of some
tributaries. The watershed is dominated (89% of the area) by
agriculture, with arable land and grassland for mixed (summer/
winter) crops and livestock.
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FIGURE 1

Map of the Selune River watershed and location of stations. The inset maps show only sediment traps and ponds.

TABLE 1 Characteristics of the 2 dams removed from the Selune River, from
(SEPIA CONSEIL, 2002). Mean residence times were computed by averaging
over each period the daily residence times obtained by dividing the reservoir
volume (in m?, measured and provided by the dam manager) by the average
daily discharge measured downstream the dam (in m*.day™', measured by us or
the dam manager).

Characteristic Roche-Qui-
Boit
Year of construction 1932 1919
Surface area (km?) 1.70 0.29
Maximum volume of the reservoir (m®) 18,000,000 90,000
Maximum depth of the reservoir (m) 31 16
Mean depth of the reservoir (m) 12.0 3.1
Mean residence time of the reservoir (days) 14 (Nov.- 1 (Nov.-Apr.)
Apr.)

47 (Jun.-Sept.) 4 (Jun.-Sept.)

In 2009, the French government decided to remove the 2 dams.
Removal operations on the Vezins dam began in March 2017, and
the dam was dismantled from April 2019 to June 2020. The RQB
dam was dismantled from June 2022 to January 2023. Hydro-
sedimentary continuity of the river was effective in May 2022.

The amount of sediments stored in the 2 dam reservoirs was
estimated as 1,800,000 m* (IDRA, 2012). To keep this massive
amount of sediments from moving and clogging the river

Frontiers in Environmental Science

03

downstream, much of it was dredged and stored in ponds
built with gabions and dykes made from in-situ sediments
(Berrée, 2019). After the reservoirs had emptied and the
sediments had dried,
knowledge, this kind of sediment management using heavy

the gabions were removed. To our

civil engineering was unprecedented in the history of dam
removal (French Water Agency, personal communication;
Germaine and Lespez, 2017; Schiermeier, 2018).

A multidisciplinary scientific program (https://programme-
selune.com/fr/) was established in 2012 to assess impacts of
removal of the dams on the river and its restoration. An
observation network was established in 2015 to monitor physical
and chemical parameters and fluxes of water, sediments and
dissolved elements.

2.2 Coarse-sediment measurement and
transport monitoring

Coarse sediments of the riverbed were traced using 150 RFID
transponders. Two injection sites were selected, one upstream of the
Vezins dam (site 1) and the other downstream of the RQB dam (site
2) (Figure 1). Difficulty in accessing certain sections (in particular
because of the steep valley), preference for sectors with shallow water
to allow for prospection on foot and difficulty in finding sites
without direct human influence (i.e., weirs) led us to select sites
with slightly different geomorphological characteristics. Site 1 had a
significantly lower slope than site 2 (Table 2).
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TABLE 2 Characteristics of the coarse-sediment tracing sites upstream of the
Vezins dam (site 1) and downstream of the Roche-Qui-Boit dam (site 2).

Site 1 2
Watershed area (km?) 627 761
Slope (m.m™) 0.0007 0.0018
Bankfull width (m) 17.1 21.0
Specific stream power (W.m?) 15.22 39.80

Sediments equipped with a transponder had a median particle
size similar to that measured at the two sites (D50 of 39-55 mm).
Only particles smaller than 22 mm, which represented 10% (site 1)
and 23% (site 2) of the particles on the riverbed, were too small to be
used. Tracers were injected in July 2015 along 2 transects at the
2 sites, spaced 20 cm apart, taking care to mimic the natural
intermingling of the sediments as well as possible. Thus, 50 and
100 tracers were injected at sites 1 and 2, respectively. They were
surveyed annually, over seven water years from 2015 to 2022
(denoted PO to P6 in Figure 2), and their location was recorded
using DGPS (Differential Global Positioning System). Given the
diameter of the detection antenna (50 cm) and the precision of
DGPS (3 cm after processing), the mean margin of error, after
several tests, was 1 m. We thus considered the tracers that moved
more than 1 m per year to be mobile.

10.3389/fenvs.2023.1231721

Travel distances were measured using GIS. The locations of the
tracers were projected on a central line of the channel, and only the
longitudinal the
representativeness of the movements recorded during the first

movements were measured. Given low
year after injection (due to the risk of overexposure of sediments
and imperfect nesting), only monitoring results obtained beginning
in August 2016 are presented. The hydrological characteristics of the
monitoring periods were obtained from the Signy measuring station

S3 (described below) (Figures 1, 2).

2.3 Monitoring physico-chemical variables
and fluxes

The monitoring scheme is the result of a collaboration between
research units, the EDF group that was in charge of energy
production via the dams, and the Regional Directorate of the
Environment (DREAL 50). Two stations, one upstream and one
downstream of the dams (Figure 1), have been equipped with
sensors since 2015 to continuously monitor the water level
(pressure sensor with ceramic cell PLS, OTT HydroMet), water
temperature (PLS, OTT HydroMet), turbidity (Solitax ts-line sc,
0.001-4000 FNU/NTU, TSS: 0.001 mgL'-50 gL"', HACH) and
conductivity (C4E, 4 electrode measurement, AQUALABO).
River discharge was estimated using a rating curve established for
each station by DREAL 50. The upstream station, Virey (S1), which
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FIGURE 2

(top) Stream flow dynamics during the monitoring period and tracer-monitoring surveys (CO-C6) performed at the end/start of hydrological years
(PO-P6) and (bottom) tracer mobility results at the upstream site (Site 1 - Virey) (grey box plots) and downstream site (Site 2 - Pont de Bateau) (white box
plots) for each survey. The percentages over the box plots indicate the annual sediment mobility rate. Whiskers indicate 1.5 times the interquartile range.
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is managed by EDF, is located 14.7 km upstream of the Vezins dam
and drains a watershed area of 629 km® Its sensors take
measurements every 1h. The downstream station, Signy (S3),
which we managed, is located 4 km downstream of the RQB dam
and drains 777 km’. Its sensors take measurements every 6 min.
Turbidity and water-level data from the EDF station located
immediately downstream of the RQB dam (Pont de Bateau, S2),
whose sensors take measurements every 1 h, were also used in this
study.

Since 2015, 1 L grab-samples of water have been taken once per
week at the upstream and downstream stations (S1 and S3). These
stations also have automatic samplers (ISCO) that sample several
flood events per year. These samples are analyzed at the analytical
laboratory. Of each sample, 500 mL are filtered at 0.45 um, dried and
then weighed to determine the concentration of suspended
sediments (SS) (ISO, 2019b). From half of the samples, a
subsample is filtered through a fiberglass membrane and then
used to measure C and N concentrations using an elemental
analyzer (CN FLASH EA 1112, Thermo Finnigan). For each
sample, a bottle of unfiltered water is used to measure the total P
concentration via colorimetry (ISO, 2018). Finally, for each sample,
a subsample is filled with 0.45 um filtered water to measure the
concentrations of major ions (ClI, NO;~ SO,*) via ionic
chromatography (ICS-3000, DIONEX) (ISO, 2021) and PO,*
(ISO, 2018), ammonium (ISO, 2019a) and dissolved silica (Si)
(AFNOR  T90-007) by colorimetry (SmartChem 200, AMS
Alliance). Since April 2022, ca. 28 grab-samples of water have
also been taken at station S2, four of them during flood events,
to measure concentrations of SS. Hourly rainfall data were provided
by Météo France from the station in Saint-Hilaire-Du-Harcouet (no.
50484002).

2.4 Data analysis

2.4.1 Data acquisition and treatment

This study examined different phases of the removal project. For
the pre-removal period, data from 2015 to March 2017 were used. The
dams had not yet been completely dismantled, but hydro-sedimentary
continuity of the River Selune was recovered (May 2022) when most of
the RQB dam was removed. Monitoring continues, and measurements
collected until 1 March 2023 were included in this study. However,
emptying of the reservoir behind the RQB dam (from 15 May to
1 September 2022) displaced a large volume of stored sediments. This
period was therefore considered separately when analyzing the turbidity
signal and calculating sediment loads.

The high-frequency data acquired by the sensors were
visualized, examined and validated using the OTT software
Hydras 3 (version 2.91.0). Punctual outliers due to factors such
as micro-cuts (i.e., shorter than 30 min) were removed and replaced
by the mean of the previous and subsequent values. If a sensor
drifted for several hours or days, the period was removed. For station
S3, hourly time series were extracted from the original data (6-min
measurements) for homogeneity with the other stations. For
concentrations of chemical elements measured by laboratory
analyses, extreme values below or above the 1st and 99th
percentiles, respectively, were removed.

Frontiers in Environmental Science

10.3389/fenvs.2023.1231721

Statistical analyses were performed using the stats package
(version 4.2.2) of R software (version 4.2.2) (R Core Team,
2022). Graphs
(version 3.4.1).

were made using the ggplot2 package

2.4.2 Relation between suspended sediment
concentration and turbidity

Turbidity represents the cloudiness of water due to SS
smaller than 1 mm in size. It is related mainly to the
concentration of SS (SSC) but also on the size and type of the
particles. Turbidimeter probes are more sensitive to
concentrations of fine particles, while measurements of SSC
are related mainly to the mass of suspended loads (Thollet
et al., 2013). Fine suspended loads were calculated from high-
frequency turbidity measurements using a relation calculated
between in-situ measurements of SSC and turbidity. To establish
this equation between turbidity and SSC, a simple linear
regression was used (see, e.g., Minella et al., 2007; Gray and

Landers, 2014; Vongvixay et al., 2018):

SSC [mg/L] = a x tubidity [NTU] + b (1)

where a and b are the coefficients of the calibration equation.

One SSC-turbidity relation was determined per station by
selecting relevant events: a regression was calculated for each
flood event and selected for the station’s regression if its
coefficient of determination (R?) exceeded 0.6. Uncertainty in the
calibration equations was calculated as a 95% confidence interval. As
the removal operations (e.g., sediment management, dismantling)
may have directly influenced the downstream station, data from the
pre-removal and removal periods were separated, and one SSC-
turbidity relation was determined for each.

2.4.3 Monitoring the emptying of the reservoir
behind the RQB dam

Sediment loads at station S3 from 15 May-1 September
2022 were calculated separately from those for the rest of the
year, for several reasons. First, the turbidity during the emptying
higher than that
1,400 nephelometric turbidity units). Second, the particles
resuspended by removing the dam likely differed from those
that crossed the RQB dam. Finally, a large amount of turbidity

was usually observed (up to

data (ca. 1 month in total) was missing at S3 during this period
due to technical problems and because the probe became buried
under massive sediment deposits. During this period, sediment
loads were estimated at the two stations downstream of the dam
(S2 and S3) to estimate the amount of sediment that left the dam
immediately and that was deposited along the 4 km between the
two stations.

A SSC-turbidity relation was established for each station from
the samples from this period (6 SSC-turbidity pairs for S2 and 26 for
S3). The turbidity data were then divided into four periods
(ie, phases) that had different dynamics: increase, plateau,
recession and stabilization. When turbidity data were missing, we
used a relation between SSC at stations S2 and S3 established from SS
data of the same phase. The mean temporal shift between the two
stations, estimated as 3 h, was considered in this relation
(Supplementary Figure S1).
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2.4.4 Measurement of sand and suspended-solid
particle sizes

To highlight effects of dams on the particle-size distribution of
sediments that moved downstream, one of two protocols was
applied depending on the mode of movement. For SS, water
samples at S1 and S3 were analyzed before and after dam
removal. The particle-size distribution of SS was measured using
a laser particle-size meter (CILAS 1180). Before measurement, each
sample was passed through a 1 mm sieve, and an H,0, solution was
added to dissolve the organic matter. Once dissolved, a
hexametaphosphate solution was added to prevent particles from
aggregating, and an ultrasonic treatment was applied to the bath of
the particle-size meter for 1 min.

To sample sediments that moved a few cm above the riverbed,
we built sediment traps that were fixed to the riverbed and collected
every 2 weeks if the water level was sufficiently low. The traps were
made from plastic bottles, which slowed the water flow. Each bottle
contained a honeycomb structure that trapped the sediments that
passed through. As the inlet of the bottle had a diameter of 3 cm,
only small gravel or sand could be trapped, but in practice, the
largest sediment caught was a few mm in size. The sediment caught
in each trap was dried in an oven and then passed through a set of
6 sieves (from 50 to 2 mm). Traps were installed at S1 in September
2021, before hydro-sedimentary continuity had been restored, and
at T1-T4 after May 2022, to assess sediment trapping by large pools
downstream of RQB (Figure 1). As the velocity of water passing
through the traps was not measured, the sand concentration or mass
flow could not be calculated. The size of sand particles in the traps
was thus considered as a qualitative indicator of the size of particles
that moved near the riverbed.

3 Results

3.1 Coarse sediments are a legacy and
moved little

Hydrological conditions varied greatly during the monitoring
period. The 2 years flood - Q, (50.3 m’ s™') was exceeded during 3 of
the 6 observation periods, and the 5-years flood - Qs (67.2m’s™)
was exceeded during 2 of the periods. However, no extreme flows
(decennial or greater) were recorded after injecting the tracers
(Figure 2). The tracers’ recovery rates during the surveys (92%-
100%) were much higher than those reported in the literature, due to
their low mobility, regardless of the site or period considered
(Figure 2). Despite floods at which morphogenic processes can
theorically occur (>2 years flood), all mobility rates were lower
than 40%, which indicated partial mobilization of the bottom of
the riverbed, even for flows that reached those of a 5-year flood.
Once mobilized, 75% of the tracers moved less than 2 m y™'. Even
when considering the maximum distances, mobility behaviors
differed little among periods and did not exceed 15 m. Despite
this low mobility, hydrology and tracer mobility were correlated.
The median distances were slightly higher during periods P2, P4 and
P5, which experienced either more intense floods (P2 and P5) or
more frequent floods (P4). Mobility rates and annual distances
changed simultaneously at both sites as a function of discharge,
which appeared to be the dominant controlling factor (Figure 2).
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Finally, sediment had slightly higher mobility at site 2 than at site
1 due to the difference in specific stream power.

3.2 Water temperature and solute
concentrations recovered their upstream
signals quickly after removal

Water temperature usually increased from upstream (S1) to
downstream (S3), especially in summer (Figure 3), and the usually
negative difference between them (S1 minus S3) decreased in
2022 once the Selune River flowed freely (Figure 3). In autumn
and winter (September to March), the mean difference in water
temperature between S1 and S3 relative to mean water temperature
at S1 was —9.8% for the pre-removal period and 0.61% for the 2022-
2023 hydrological year. Variations in water temperature at S3 were
also much lower during the pre-removal period, with a mean daily
relative amplitude (i.e., daily maximum minus daily minimum,
divided by the daily mean) equal to 11.6%,
2022-2023 it reached 18.8% (Figure 3A).

Before the dams were removed, nitrate and dissolved Si

while for

concentrations differed between stations S1 and S3, while after
removal, concentration dynamics at S3
towards those at S1 (Figure 4). The concentration dilutions

rapidly converged

observed for all flow events at S1 were absent at S3 before
removal but became similar after removal (Figure 4). Baseline
concentrations were slightly lower at S3 than at S1 in spring/
summer for nitrate and much lower for dissolved Si. These
baseline concentrations differed between S1 and S3 in summer
2015 (29.8 vs. 28.4mg NO;. L' and 7.6 vs. 52mg Si. L7,
respectively) and summer 2016 (34.1 vs. 31.0 mg NO;. L' and
7.6 vs. 4.2 mg Si. L, respectively). Such differences did not occur
after dam removal began, since the dissolved concentrations at
S3 became similar to those at SI. In contrast, river discharge
differed little between the two stations (Figure 4).

3.3 Toward full recovery of sediment
transfer

3.3.1 Impact of the dams on sediment loads

Before the dams were removed, SS and turbidity signals at
S3 were lower than those at S1 (Figure 5; Supplementary Figure
S2). In particular, SSC usually peaked during storm events at S1,
while no peaks were observed regularly at S3 before May 2022. Only
the most intense storm events increased turbidity and SSC at S2 and
S3. Similarly, the annual suspended load varied from 4,089-41,954 t
(6.6-66.6 tkm?y™') at S1 and 1,476-14,297 t (1.9-18.8 tkm y!) at
S3, proportional to the annual rainfall and specific runoff (Figure 6;
Supplementary Figure S3). On average, 73% (+£6%) of the suspended
load was stored in the reservoirs from 2015 to 2021. This estimate
did not consider fluxes of sand (>50 um) that moved near the
riverbed, since the monitoring equipment could not quantify this
component of the sediment flux accurately. However, reservoirs
effectively trap sediments larger than 20 um. Analysis of the SS
particle-size distribution at S1 and S3 highlighted that sediment
larger than 20 um did not cross the dams (Figure 7). Assuming that
10% of the total volume of sediment (1,800,10° m?) that settled in the
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FIGURE 3

Water temperature at stations S1 (black dots) and S3 (red dots), and the difference between them (S1 minus S3) (grey dots), for the period (top) before

dam removal (2015-2017) and (bottom) after dam removal (2021-2023).

two reservoirs in the past 90 years was larger than 50 um (IDRA,
2012), the annual sand flux at S1 could be estimated. Based on
sample data (IDRA, 2012) and a sediment density of 1.5 g cm™ (to
convert sediment volume to mass), we estimated a time-averaged
sand flux at S1 of 3,000 ty" (4.8 tkm™>y™).

3.3.2 Initial period of physical continuity

After hydro-sedimentary continuity was restored (15 May 2022),
high peaks of SS and turbidity were observed at S2 and S3 (Figure 5,
Supplementary Figures S1, 2), without similar dynamics at S1. Estimated
fluxes of suspended load for 15 May-September 2022 were 3.2, 17.9 and
11.3 tkm™ at S1, S2 and S3, respectively, which did not follow the linear
relation between suspended load and specific discharge observed at S1.
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Therefore, they could not have come from a sediment source in the
upper part of the watershed. Although these estimates had high
uncertainties, they highlighted deposition of large amounts of fine
sediments between S2 and S3. Six weeks after removal, the turbidity
at S3 stabilized to values similar to those at S1. Nevertheless, large
deposits of fine sediments are still being observed along the banks of the
Selune downstream from the dismantled dams (Figure 8). Hydrological
conditions varied little during winter 2022-2023 (Figure 5). After
15 May 2022, sandy sediments were also trapped at T2 but not at
T1 (Supplementary Figure 54). Because there was no major storm event
from 15 May-15 September 2022, the main sediment source at T2 and
T4 during this period corresponded to the finite and easily mobilizable
sediment that had been stored behind the RQB dam.
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FIGURE 7

Particle-size distribution of suspended sediments at the Virey and
Signy stations before the dams were removed.

4 Discussion

4.1 Restoring sediment continuity vs.
increasing the turbidity of habitats

The Water Framework Directive lies at the heart of decisions
to remove dams, since they are removed to restore ecological
and sedimentary continuity; however, bed-load and fine-
sediment issues of the latter are rarely distinguished.
Restoration of the bed load is targeted because the bed load
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strongly influences the morphodynamic equilibrium of rivers
(Kondolf, 1997) and creates the river forms that support
ecological diversity (Pitlick and Wilcock, 2001; Thomson
et al.,, 2001). However, increased fine sediment transfer is
associated with the risk of clogging and pollutant transfers,
whether in urban or agricultural watersheds (Taylor and Owens,
2009). Tracing coarse-sediment load revealed that the riverbed
of the Selune River has low mobility. Furthermore, no
morphological indicators (e.g., sediment size, geometry)
downstream of the dams indicated that the river had changed
in response to a sediment deficit, as observed in many contexts
(Kondolf, 1997; Brandt, 2000; Phillips, 2003). This low mobility
of the riverbed resulted from two factors: the low energy of this
type of river (mean specific power <30 W m?) and its
particularly coarse bottom sediment (D50 of 45-50 mm),
which it inherited from the Pleistocene (Beauchamp, 2018).
Similar sedimentary functioning has also been observed in other
rivers in granitic hydrological areas in Normandy (e.g., Orne
River, Vire River), whose inherited bottom load no longer
corresponds to current hydraulic conditions and thus has low
mobility. These rivers now have nearly no coarse sediment
input, as their watersheds have produced essentially only fine
matter since they were transformed for agriculture in the
Middle Ages (Beauchamp, 2018). Moreover, these types of
rivers correspond to the “stable bed aggrading bank” model
developed by Brown and Keough (1992) and demonstrated by
Beauchamp (2018) for the Selune River. Consequently, the
banks, little eroded, contain only fine sediments and cannot
serve as sources of coarse-sediment load. Thus, concerns about
restoring the sediment load and their dynamics in these rivers
are low.

4.2 Rapid recovery of abiotic parameters:
implications for future resilience of the river

The results show that the dynamics of most nutrient
concentrations and water temperature have become more similar
between S1 and S3 since the dismantling started. Removing the dams
decreased the warming of the downstream sections in warmer
seasons, even during summer 2022, which was the hottest
summer of the monitoring period. This result is of interest for
ecological continuity, especially in the context of climate change.
Moulin et al. (2022) identified this warming effect of the dam by
decomposing the water temperature signal using independent
component analysis. They concluded that the warming caused by
the heat accumulated in the reservoirs was associated more with the
Vezins dam than the RQB dam. They distinguished seasonal and
daily components, and the former had the highest contribution and
amplitude. Particular attention must be paid to the amplitude of this
seasonal component, especially maximum temperatures in summer,
since many organisms do not tolerate high temperatures well, such
as Atlantic salmon. Warm season co-occurs with spawning
migration (during spring to autumn) of adults for which critical
temperature are estimated closed to 25°C (Breau, 2013) and which
are likely to be physiologically affected by the warming of river
(Lennox et al., 2018). One strategy for surviving heat waves could be
to migrate further upstream the main river course (Frechette et al.,
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FIGURE 8

Photographs of fine-sediment deposits along the banks of the Selune River in June 2022 downstream from the dismantled dams (between S2 and
S3). The presence of decomposing leaves trapped below the sediment layer indicates that the deposits were not associated with a hydrological event.

2018) where the water is cooler, which is possible now that
continuity has been restored.

Nutrient concentration dynamics recovered rapidly at both the
event and seasonal scales. Like for water temperature, the Vezins
dam had the larger and more biologically active reservoir (Fovet
et al., 2020; Rodriguez-Perez et al., 2021); thus, as soon as removal
operations started, they directly modified the levels of the reservoirs
and changed their biological activity. These dynamics of nutrient
concentrations are important for downstream ecosystems, which
respond to nutrient ratios (especially the C:N:P:Si ratio) until
reaching the ocean (Winton et al., 2019). For instance, Fried and
Wuest (2002) illustrated such effects on diatom communities in the
Danube River (Germany). Although the chemical continuity of the
Selune River seems to have been restored, the fine sediments
deposited along it downstream of the dismantled dams are now a
source of P. The fate of this stored P will depend strongly on that of
the fine sediments, along with pH and variations in redox and
temperature, which control the mobilization of P (Parsons, 2017; Gu
et al.,, 2019).

4.3 Long-term monitoring is needed to
understand the restoration process

These early results after removal of the Selune dams highlight
the relevance of long-term monitoring of abiotic parameters,
especially fine-sediment fluxes. The remaining issue for the final
phase of restoration is the fate of the sediments that were dredged
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and stored at the former reservoirs or/and that were deposited
downstream at S2 after the reservoir behind RQB was emptied. It is
likely that the time required to reach similar dynamics of fine-
sediment fluxes between upstream and downstream sections will
depend on the hydrological conditions (e.g., Martinez-Carreras
et al, 2012; Misset et al., 2019). The frequency of extreme events
will strongly influence how rapidly fine-sediment fluxes are restored.
Given the locations of S1, S2 and S3, the dynamics of multiple
sediment stocks can be monitored. Eventually, S1, S2 and S3 should
have similar responses of annual specific suspended load (load
divided by the watershed area). The winter of 2022-2023 was
relatively calm hydro-dynamically and dry. Indeed, rainfall in
Normandy was 28% lower than the winter mean for 1991-2020
(Météo France 2023). Monitoring needs to continue to determine
whether this stock will be mobilized within a winter, a year, or a
longer period. Additionally, we have begun to analyze sediment
tracers using particulate organic markers (Jeanneau et al,, 2018),
which should help identify remobilization of the deposited sediment
more precisely. In particular, it could help distinguish whether
sediments come from drained land, riverbanks or eroding
reservoir storage.

The results of this study are likely limited to similar rivers (Foley
etal,, 2017a), first because the response to dam removal also depends
on specific characteristics of the dam’s reservoir. For instance, N
retention was not high in this study, but other reservoirs can act as
active N sinks (Friedl and Wuest, 2002). Second, the response also
depends on geomorphological dynamics of the river; as a lowland
low-energy river, the Selune River is typical of other hydrosystems in

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1231721

Fovet et al.

northwestern France (Rollet et al., 2014). Thus, although the river’s
coarse sediments were not mobile with or without the dams, it
already has favorable habitats for aquatic ecosystems and migratory
species.

5 Conclusion

In the Selune River, a lowland low-energy and relatively turbid
river in northwestern France, we found the following:

i) coarse sediments moved little before or after the dams were
removed
ii) water temperature and solute concentrations downstream of the
dams recovered their upstream signals quickly after dam removal
iii) fine sediments responded rapidly, with large amounts mobilized
and deposited downstream of the former reservoir and
stabilization of water turbidity after 6 weeks
iv) the need to observe the restoration process over periods longer
than a year to determine the dynamics and fate of fine
sediments, both those dredged and stored in ponds upstream
and those mobilized and deposited during the rapid response.

Respectively, they could have the following implications for
ecological dynamics during restoration:

i) little influence of coarse sediments, since favorable habitats in
aquatic communities are already present

ii) improvement in the river’s water temperature, since removing

the dams decreases exposure of downstream reaches to

overwarming in the context of climate change

iii) yet-to-be-determined influence of fine sediments, since
increased transfer of fine sediments, even punctual, risks

clogging habitats.
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